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Abstract 

Limits on charged scalar Yukawa couplings from r and B decays are dis- 

cussed. They (and other existing limits) are consistent with ‘strong” couplings 

(O(1) for the third generation) even if the lightest scalar mass is in the range 

20 GeV/c* S Mb S 100 GeV/cZ but saturated in this case. BR(B -+ ruX) 

and (for A44 > mt) BR (2’ -+ n/X) may be then as large as 30% and 70%, 

respectively. Both for MQ < mt and A4+ > ml the potentially possible top 

quark signature in pp collisions is (r + Zjets) final state. The upper limit for 

r + vrpr is 0(.003%). 

‘On leave of absence from the Institute for Theoretical Physics, Warsaw University, Warsaw, 

Poland. 
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I. Introduction 

In most “beyond the standard” models several Higgs doublets 8re present and con- 

sequently the weak forces 8re mediated, in addition to the intermediate vector 

bosons, by charged scalar particles. Models with two and three scalar doublets 

have been explicitly studied and some constraints on the quark Yukawa couplings 

have been derived from the K” - %?, Do - @ and B” - B” mixing[l+z) and from the 

CP violation.13] One appealing possibility is that in three (or more) doublet models 

the hierarchy of the vsxuum expectation values is such that the Yukawa couplings 

are of the same order for the members of a given heavy generation and O(1) for the 

third generation (we shall call such couplings %trong”). 

On phenomenological side it w&s repeatedly pointed out that the data in the 

light lepton and quark sector still admit relatively large deviations from the V - A 
structure of the charged currents. 

A recent thorough analysis[‘] of the high precision data (including polarization 

measurements) on muon decay, inverse muon decay, r/2 decays and nuclear Gamov- 

Teller transitions shows that in those reactions the effective scalar coupling might 

be of the order of ten percent of Gp, provided it is proportional to the lepton mass. 

In thii paper we analyse the limits on the charged scalar couplings from the 

r and B decays. In three (or more) doublet models with ‘natural” absence at 

the tree level of flavour changing neutral currents there are two independent sets 

of Yukawa couplings, driving the up and down quark m8sses, respectively. Our 

bounds are consistent with both being O(1) for the third generation and they are 

in fact saturated by such strong couplings if the lightest scalar mass is in the range 
20 GeV 5 M+ S 100 GeV. In this c8se the branching ratios BR(B -t rvX) and 

(for M+ > mt) BR(T -* wX) may be ss large 8s 30% and 70%, respectively. 

Thus, those channels are very restrictive for potential scalar exchange. 

In particular, in view of the potential possibility for the branching ratio for 

B + WX to be so large, it is of clear interest to use the available data to place better 

limits on this decay mode. Thii should be possible by analyzing the momentum 

spectrum of the electrons in the decay B -+ eX. The shape of the spectrum would be 

sensitive to a large contamination of B + rvX with the subsequent decay r + WY 

(we thank U. Baur for discussion on this point). 
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II. T - decays 

Our notation (for effective couplings) is a8 follows: 
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We also define the effective scalar couplings G, e.g. 

G& = g, G,,t = $ etc. 
6 

and the ratios H, e.g. 

G&,,JGp ze Ii& 

G,I/GF = HI,I 

Aa it haa already been mentioned, from the e - p sector one gets the liit[‘l 

Ha*, < 0.22 

provided that 

With scalar exchange included, the rate for the decay r + ~UIS reads: 

r ,-.#I47 = g,$ (1+ me+) [1- z&&-J 

(1) 

(2) 

(3) 

(4) 

- ,$+, 2 
, ( )I r (5) 
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Analogous formula holds for r --t evp but due to eq.(4) the scalar exchange con- 

tribution is negligible ss compared to the contribution to r -+ ~u.u. Now, the 

ratio 
R ~ r(r -+ WV) - r(r -+ em) 

r(r -+ eul7) 
= (0.016 f 0.037) 

can be used to place the limit on H,,,. Using es.(S) we have 

(7) 

and, from (6), 

I I 
H,,@ S 2.5 (81 

Let us now study the scalar exchange contribution to the hadronic r decay 

modes. The rate for r -+ x-u is measured with good accuracy. The full amplitude 

reads 

h-f = 52 { Ak’cos O,V/y,(l - ~s)r$o: + 
Jz 

+ i Y, 
2fiGpM; 

< +&6ulo > p,(1+ rs)r } (9) 

where k’ is the pion four-momentum, f. and pr its decay constant and wave func- 

tion, respectively, and 8. is the Cabibbo angle. One gets 

G$ f,’ cod 8, 2 
r(7 -+ Xu) = 

16X 

I1 + ;(f% - f&r) < ~-lWu~o > pc 2 

Whfw ~08 8, 00) 

In spite of the apparent correction the prediction in eq.(lO) cannot be distinguished 

from the one in the standard model provided Y,/Y,, = m,/m,. Indeed, the pion 

decay constant fK is measured in the decay R + ~17 whose decay rate is in this case 

subject to the same (numerically) correction. Thus, presence of the scalar contribu- 

tion leads to a resealing of f* but does not affect the standard model prediction for 

r -+ XV and no bound can be obtained from this process. Analogous result holds 

for the decay r + Kv and the kaon decay constant fK. 



-4- FERMILAB-Pub-87/11S-T 

We are nevertheless able to get certain constraint from the fact that the effective 

Tr and ih satisfy ]*/j~ = 111.27. Thus 

1.27f+ + iW,Rd,r -$P---~;lo ’ ~rl 
I c 

= frfll + i 
(H,R,r - Hit,,,) < Kl37’40 > (ck 2 

’ 2fim fK sine I e 

and the pseudoscalar current matrix elements can be evaluated from PCAC[‘]: 

( < nl&%LlO > 1 = Ftmm:, 
” 

) < KJwy%JO > ) = 2’:;’ 
, Y 

Since we expect f* m f~, under more specific assumption about the scalar sector 

eq. (11) and eq. (12) can provide approximate constraint on the couplings H,,, 
and H,J,,. This we explore in the context of the three doublet model. 

III. B-decays 

In the standard model we have 

Gsm,6 rp3 + euX) = - 
192?rs [ 

c&cl* + Cuep5”12 
I 

where the numerical factors C., and C.. contain phase space effects and QCD 

corrections for the transitions 6 -+ cev and b + uev, respectively. Eq. (13), 

rewritten in the form 

r(B + evX) = ~C”IK~I~[l + RI 

where 

(15) 

is used to determine JVb,lz given the experimental data for BR(B + evX), the B 
meson life time, the ratio R (from the momentum spectrum of leptons) and the 

“theoretical” value of C,., C,. m 0.4f7j (with 5% error). Since we focus on scalar 
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couplings proportional to the lepton msss the result (13) does not change even with 

the scalar exchange present. Let us now consider the channel b + WY (and similarly 

6 + czs but, ss we shall see in the next section, in multi-doublet models the scalar 

contribution to the latter is strongly suppressed): * 

where 

G’m’ r(B + Xw) = - 
192ss C&cl2 + Cu<I&$ + A,IVbelZ 1 (16) 

Ar = ~(j~k4.,1’+~~.ti,rI’)Cw~ 
CT,, g 0.06 07) 

To our knowledge there is no experimental upper limit for BR (B + Xrv) but we 

can place a limit on A from its corresponding reflection on the total width and on 

the predicted BR (B + euX). The total width is: 

r(B+X)= s c&I2 + cuIv,.Ig + (A, + Ac))Vb$ 1 (18) 
where A, describes the scalar contribution to b -t CD. The coefficients C, and 

C,, are subject to various uncertainties mainly due to the choice of the quark mass 

values and to the strong interaction effects.l*l A fair choicelg] C, = 2.75 together 

with experimental branching ratio BR(B + evX) = (12.3 f O.S)% leaves some 

room for scalar contribution. Using eq.(13), eq.(lE), C,, = 0.4 and setting R = 
Cue(Vbu(2/Cc.lV~s12 = 0 (experimentally R < 0.03) we get 

A, + A,S 0.7 - 0.8 (191 

IV. Multi-doublet Models 

As it is well known, in such models the flavour changing neutral currents sre 

‘naturally” (irrespectively of the values of the Yukawa couplings) eliminated at 

the tree level if only one scalar doublet couples to the up quarks and one other 

“Is the first approximation WC neglect the interference between V - A and ace.lc.r amplitudes. 
This is justified a posteriori by the value of the upper bound on A CM compamd to C,, 
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scalar is coupled to the down quarks.lr’l’ In addition, for Yi = ml/u, only one scalar 

must couple to leptons (one of the two or one other). We do not consider here the 

possibility that the tree level flavour changing neutral currents are avoided by an 

“ad hoc” adjustment of large Yukawa couplings. 

In the mass eigenstate basis the charged scalar couplings to fermions read: 

L; = 23/‘G;‘2r M”KxxQ;PL - KMDzX&PR D 
[ ,i t 1 

- TMLPRL C Xi4f + h.c. (201 
I 

where K is the Kobayashi- Maskawamatrix and Mu, MD and ML are mass matrices 

for the up, down quarks and leptons, respectively. The explicit expressions for the 

constants Xi and Yi in terms of the vacuum expectation values are well known in 

the two-and three-doublet models.l”] 

In the two doublet model X = l/Y. In the three doublet model there is no such 

constraint and both couplings may approach the perturbativity limit 

23’4G~*(Y;:(mt u 23”GyzlXi(m, u O(a) (211 

These limits are consistent with the constraints derived from the renormalization 

group approach, eq. (18) in [1zl, which give 1x1 5 5, IX{/ S 50. 

We have assumed leptons and down quarks to get masses from the same scalar 

doublet since, as we shall see, in both two-and three-doublet models thii gives the 

strongest coupling of leptons to scalars. 

In several previous papers the limits on yi’s have been derived from the K” -7? 
and B” - B” mixiig ~21 and from the CP violation in the kaon system.[r3) Roughly 

speaking, for light scalars (M+ = (20 - lOO)GeV), those limits coincide with the 

perturbativity lit (21) (one get&] IY I 6 2c). As long as Xi S yi the effective 

scalar couplings are then some orders of magnitude below the experimental limits 

(3), (8) and (la), even for M+ = 20GeV. At the tree level, only t decays are sensitive 

to the Y coupling. However, it is perfectly possible that Xi > Yi (e.g. both Yukawa 

“There is r&o a less generc.l possibility to couple sU quarks to only me aalar. The diicussion 
can be easily restricted to this case and alao the bounda or, the Yukawa couplings become more 
restrictive. 
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couplings are equally important for the third generation) and then Xi couplings 

dominate in all but t decay sectors. ’ 

Neglecting in the first approximation all but the lightest Higgs exchange contri- 

bution to the effective coupling we get from (20) 

Hp,,IH,R,B, = w.2 = d- 2 (22) 

Eq.(ll) can now be used to place limits on HRs if we make a plausible assumption 

that 1 < 1.27f,/fx < 1.27. One gets 

IT.& S 0.3, HP,,, 5 1.3 (33) 

When expressed in terms of X the limits (8) and (23) are similar and give 

1x1 S 2[Me/l GeV] (24) 

whereas the limit (3) is somewhat weaker. 

It turns out that the strongest limit for X is provided by B decays, eq. (19). 

We get 

1x1 X O.Q[M+/l GeV] (25) 

The difference between the bounds (25) and (24) is important since cros* sections are 

proportional to X4. For instance the bound (25) makes the scalar contribution to 

T -+ ~.rvu smaller than 0.4%. On the other hand, if (24) was saturated the B -P TUX 
decay would saturated the total B width, in contradiction to experimental evidence 

for B + CYX, B + ,uvX and simple quark counting. Since eq.(25) is the strongest 

limit presently available we can use eqs. (6),(18) and (19) to estimate the upper 
limit for BR(B + 71xX): 

BRS30%, (26) 

to be compared to the standard model result - 2.5%. 

For the top quark decay t --t brv we have 

G$rnf 
I-(t + brv) = - (mm,)* 

192x3 l+ 4 (27) 

‘The following discussion, including q(24) and (25) holds for both two-and three-doublet models. 
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Taking the upper limit (X/Me)’ = 0.7 GeV-’ and Y = i%X, ’ mt = 50 GeV, we 

get the bound (if.&& > mt)s 

BR(t -+ 71/x) S 70% (28) 

and also the top hadron life-time about 2 times shorter than in the standard model. 

The branching ratios for the semi-leptonic decays into electrons and muons would 

be correspondingly smaller than in the standard model. 

Given the bound (25) we can estimate the contribution of scalar exchange to 

channels strongly suppressed in the standard model, like e.g.G = -1, P = +l 

decay mode 7 + van. Thii is of interest in the context of the =missing mode” 

puzzle in r decays.l”l The order of magnitude estimate is given by the inclusive 

rate 7 -+ & + qqv. We get .003% ss the upper limit for r + vdu and 0.08% for 

7 + YSU. 

Finally, let us comment on the X0 - ??, B - B” and Do - 8 mixing. It is 

not difficult to see that the first two mainly constrain the Y couplings and the 

last one is sensitive to the X-couplings.l’Jl Our calculation with both terms present 

(Lagrangian (20)) shows that the X0 - 2 and B” - B” mixing is consistent with 

the derived bounds.li61 For Do - do mixiig we get Amo FJ O(lO-‘s GeV) (for 

M+ = 50 GeV and using (25)). 

V. Conclusions 

Strongly coupled scalars, with couplings O(1) for the third generation, have 

several theoretically attractive features, as advocated for instance in ref.[3]. The 

bounds on the Yukawa couplings derived in thii paper from 7 and B decays are 

consistent with “strong” couplings. (The specific set of parameters proposed in 

ref. [3] in a model for the CP violation seems, however, to be ruled out by our 

bounds). If the mass of the lightest scalar ls in the range 20 GeV s Mt 5 100 GeV 

those bounds are saturated by such strong couplings. ;Thus, strongly coupled scalars 

‘For .+f, LJ mr this agrees with 14 ]Yl < a@$ 
‘If Me c + the top quark total decay width is within very good approximatien given by t + b+ 

and the BR for other decay modes an very smaii. 
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in that msss range, if they exist, should be soon observed directly and indirectly. 

The branching ratios for B -+ rvX and if (M+ > m,) for T + 7vX are most 

promising and most restrictive for potential scalar exchange. With the present 

limits saturated they may be as large as 30% and 70%, respectively. For Me > mt 

the top quark decay signature would then be t -t rf jet and for m: > M+ the 

decay t + b4+ + r+ jet could be the dominant one. In both csses the top quark 

signature in pp collisions could potentially be the final state r + 2 jets(the second 

jet is expected from W -+ tb decay). 

Large contribution of B -+ rvX with the subsequent decay 7 -+ evv would 

reveal itself in the shape of the momentum spectrum of electrons in B + eX. Such 

an analysis is perhaps possible even with the presently available data. 

All the limits have been derived under the assumption of “natural” absence of 

5avour changing neutral currents but they do not depend on any further details of 

the Higgs sector. 
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